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REV-ERB nuclear receptors have been believed to stabilize the circadian clock machinery through an acces-
sory but dispensable feedback loop. Recent work now challenges this assumption by demonstrating that
REV-ERBs are essential core clock components, in addition to serving as pivotal regulators of rhythmic
metabolism.The generation of circadian rhythms is
believed to rely on the precise interplay
of transcriptional-translational feedback
loops. A decade ago, the nuclear receptor
REV-ERBa was identified as an integral
component of the circadian clockwork
machinery (Preitner et al., 2002; Ueda
et al., 2002). The competition of the tran-
scriptional repressor REV-ERBawith acti-
vators of the ROR family of nuclear recep-
tors for the binding to specific regulatory
elements (ROREs) ensures the rhythmic
transcription of the core clock activators
BMAL1 and, to a lesser extent, CLOCK
(Akashi and Takumi, 2005; Crumbley
and Burris, 2011; Preitner et al., 2002).
Due to the modest clock phenotypes
of Rev-Erba-deficient mice, REV-ERBa,
perhaps together with its closely related
cousin REV-ERBb, has been proposed
to constitute a stabilizing feedback loop
conferring robustness to the oscillator
rather than being a pacemaker compo-
nent essential for rhythm generation.
Now two recent publications from the
Lazar and Evans groups challenge this
view and strongly suggest that the REV-
ERBs hold a much more prominent role
in the core clock mechanism than antici-
pated (Bugge et al., 2012; Cho et al.,
2012). A third paper from the Burris lab
simultaneously reported on the develop-
ment of synthetic REV-ERB agonists
with in vivo activity that could open up
new avenues for the pharmacological
treatment of disorders connected with
the circadian timing system.
The Evans and Lazar groups both
set out to compare the cistromes (the
genome-wide set of binding sites a tran-
scription factor is recruited to) of REV-
ERBa and REV-ERBb in mouse liver using
chromatin immunoprecipitation (ChIP) fol-
lowed by deep sequencing (ChIP-seq).This analysis revealed an extensive over-
lap between the cistromes of the two
receptors, suggesting that most ROREs
in target genes can be bound by both
receptor isoforms. In addition, the com-
parison of the REV-ERB cistromes with
previously published BMAL1 binding
sites (Rey et al., 2011) showed that a large
number of promoter and enhancer re-
gions are occupied by REV-ERB isoforms
and BMAL1, which regulates most core
clock genes and a battery of genes
involved in clock output. The notion that
most identified REV-ERB binding sites
are shared by the two receptor isoforms
and that virtually all core clock genes are
targets of REV-ERBs (Bmal1, Clock,
Per1, Per2, Cry1, Cry2) suggested func-
tional redundancy and implied that REV-
ERBs may conduct more important
roles in circadian-rhythm generation than
hitherto assumed. To examine this possi-
bility, the Evans group generated mice
deficient for both nuclear receptor sub-
types specifically in the liver (Liver-Double
Knockout, L-DKO) and performed tran-
scriptome analysis. More than 90% of
the approximately 900 genes rhythmically
expressed in the liver of wild-type animals
became arrhythmic in livers of L-DKO
animals. Importantly, the ontology of the
affected genes mirrored that of the REV-
ERB cistrome, suggesting a direct role of
REV-ERBs in the rhythmic expression of
a majority of these genes. Similar results
were obtained by the Lazar group in livers
of Rev-Erba-deficient mice, in which
Rev-Erbb mRNA was knocked down by
adenovirus-mediated RNA interference.
To elucidate whether REV-ERBa
and REV-ERBb also control circadian
behavior, the Evans group generated
tamoxifen-inducible double knockout
(i-DKO) mice and assayed their locomotorCell Metabolismactivity rhythms. While the circadian
locomotor activity profiles of mice defi-
cient for either Rev-Erba or Rev-Erbb
differed only slightly from the locomotor
activity profiles of wild-type mice, i-DKO
animals displayed severely fragmented
locomotor activity with a very short period
length and a dramatically weakened am-
plitude. Since the development of meta-
bolic disorders is a hallmark of disrupted
circadian rhythms (Sahar and Sassone-
Corsi, 2012), the Evans group measured
metabolic parameters in wild-type and
i-DKO animals. REV-ERB-deficient mice
displayed elevated circulating glucose
and triglyceride levels, and reduced free
fatty acid levels when compared to wild-
type littermates. This was accompanied
by a reduced and slightly phase-shifted
respiratory exchange rate, indicative of
an enhanced oxidative metabolism in
i-DKO animals. In line with these observa-
tions, the Lazar group also reported a
large increase in blood triglyceride levels
and an exacerbated steatosis in mice in
which both REV-ERB isoforms were
depleted in the liver. The findings of both
groups are consistent with previous
work that had linkedRev-Erba to rhythmic
cholesterol and bile acid metabolism (Yin
et al., 2010). Taken together, the data pre-
sented by the Evans and Lazar groups
strongly suggest that REV-ERBs act
as both essential cogwheels of the clock
and crucial output regulators linking
the core clock to important metabolic
pathways.
Since ligand binding modulates the
activity of the REV-ERBs, the develop-
ment of synthetic REV-ERB ligands may
be beneficial in the pharmacological
modulation of the circadian clock and
connected output pathways. Simulta-
neously to the work of the Evans and15, June 6, 2012 ª2012 Elsevier Inc. 791
Figure 1. Revisiting the Role of REV-ERBs in the Mammalian Circadian Oscillator
The nuclear receptors REV-ERBa and REV-ERBb form a negative feedback loop that acts in parallel to the canonical negative feedback loop comprised of the
PER and CRY proteins. A large number of core clock and clock-controlled genes (CCGs) possess both ROREs and E-boxes and are thus simultaneously
regulated by the antagonistic interplay of REV-ERBs and RAR-related orphan receptor (ROR) isoforms and BMAL1-CLOCK and PER-CRY complexes. Together,
these players transmit clock output and control important metabolic parameters, such as lipid, bile acid, and cholesterol homeostasis. The subtle interplay of
these core clock proteins on the promoters of CCGs may determine the correct phase of clock output functions. Since heme binding modulates the activity
of the REV-ERBs, the development of synthetic, in vivo active agonist or antagonists may provide a therapeutic approach to the pharmacological treatment
of disrupted rhythms and the associated disorders.
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on the identification of two potent syn-
thetic REV-ERB agonists (Solt et al.,
2012). A single injection of either com-
pound resulted in the loss of the subse-
quent activity period during the subjective
night in mice kept in constant darkness, or
in a 1–3 hr delay in initiation of diurnal
activity in animals maintained in a 12 hr
light-dark cycle. This was accompanied
by major disturbances of the rhythmic
expression of core clock genes in the hy-
pothalamus. Chronic exposure to REV-
ERB agonists induced major alterations
in the expression of metabolic genes in
several tissues and resulted in increased
energy expenditure, reduced fat mass,
and reduced plasma triglycerides and
cholesterol levels. These observations
suggest that REV-ERBs are potential
targets for the pharmacological manipula-
tion of circadian metabolism.
In summary, the presented work
now strongly indicates that REV-ERBa
and REV-ERBb cooperatively function as
bona fide core clock components in
addition to their established role as major
clock output regulators. This implies that
the REV-ERBs constitute a second nega-
tive feedback loop that may be at par with792 Cell Metabolism 15, June 6, 2012 ª2012the canonical negative feedback loop
involving CRY and PER proteins (see
Figure 1). The large number of core clock
and clock-controlled genes (CCGs) regu-
lated simultaneously by BMAL1 and REV-
ERBs may explain why the expression of
many BMAL1 target genes is delayed
relative to the maximal BMAL1 associa-
tion with E boxes in these genes. An addi-
tional major function of REV-ERBs may
thus be to determine the correct phase
of BMAL1-CLOCK target genes. The cor-
egulation of many core clock genes
as well as CCGs by both BMAL1 and
REV-ERBs may therefore allow a certain
flexibility of the temporal expression of
a large number of genes, depending on
which pathway is dominating. This may
be particularly important under condi-
tions where the oscillator has to be
shifted from one phase to another. It is
thus tempting to speculate that the inter-
play of BMAL1 and REV-ERBs on re-
gulatory sequences in common target
genes may be involved in the phase shift
of peripheral oscillators upon food in-
version or in the adaptation to different
photoperiods.
Given the newly defined pacemaker
role of REV-ERBs in the core clock andElsevier Inc.their impact on the regulation ofmetabolic
pathways, the REV-ERBs may constitute
a molecular target for the pharmaco-
logical modulation of circadian rhythms.
The development of synthetic REV-ERB-
targeting agonists and antagonists may
provide an entry point for the treatment
of conditions that are connected to the
circadian timing system, such as jet lag,
sleep disorders, and metabolic diseases.
However, additional work will be required
to evaluate if the REV-ERBs will meet
these great expectations in the future.REFERENCES
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Reprogramming of intracellular metabolism is common in activated immune cells. In this issue ofCell Metab-
olism, Haschemi et al. (2012) show that the sedoheptulose kinase CARKL is required for metabolic reprog-
ramming in activated macrophages and provide evidence that changes in glucose metabolism and the
pentose phosphate pathway (PPP) influences macrophage polarization.Cells of the innate immune system,
including macrophages and dendritic
cells (DCs), identify foreign invaders
through recognition of pathogen-associ-
ated molecular patterns (PAMPs), such
as lipopolysaccharide (LPS) (Serbina
et al., 2008). The environmental milieu of
infection dictates the differentiation of
immune cells toward lineages specifically
tailored to control the infecting pathogen.
Macrophages, for example, differentiate
toward an inflammatory ‘‘M1’’ lineage or
an immunomodulatory ‘‘M2’’ lineage
(Figure 1). During activation, immune cells
switch from a quiescent to an activated
state characterized by increased meta-
bolic activity and new effector functions
(Jones and Thompson, 2007). Recent
evidence suggests that immune cells
adopt specific metabolic signatures
required for proper effector function
(Michalek et al., 2011). An important ques-
tion in the field of ‘‘immunometabolism’’ is
whether metabolic pathways themselves
can alter immune cell differentiation and
thus direct effector function. Haschemi
et al. (2012) present evidence that the
carbohydrate kinase-like (CARKL) protein
plays a key role in regulating macrophage
metabolism and can influence macro-
phage polarization.Macrophages play an important role
in inflammatory responses, but the meta-
bolic pathways engaged in macrophages
have not been well characterized.
Haschemi and colleagues conducted an
overexpression screen of protein and
nonprotein kinases to identify novel medi-
ators of LPS-stimulated TNFa production
by macrophages (Haschemi et al., 2012).
One interesting finding was the identifica-
tion of several kinases involved in glucose
metabolism that also scored as immuno-
modulatory kinases in macrophages.
The authors focused their attention on
CARKL (Wamelink et al., 2008), a carbohy-
drate kinase whose substrate is sedohep-
tulose, a 7-carbon sugar produced by
plants with structural similarity to
fructose. The authors demonstrate in
the current work that CARKL catalyzes
the production of sedoheptulose-7-
phosphate (S7P), an intermediate of
the pentose phosphate pathway (PPP).
Using a series of overexpression and
knockdown approaches, the authors
demonstrated that LPS-induced cytokine
production is influenced by CARKL
activity. When ectopically expressed in
macrophages and macrophage cell lines,
CARKL antagonized LPS-induced pro-
duction of NF-kB-regulated cytokines(i.e., TNFa and IL-6), which correlated
with lower NF-kB luciferase reporter
activity. Notably, the effects of CARKL
on NF-kB activity were modest, suggest-
ing the existence of alternative pathways
controlled by CARKL activity that could
influence cytokine production.
The negative effect ofCARKLactivity on
M1macrophage function raised thepossi-
bility that changes in glucose metabolism
may influence the inflammatory properties
of M1 macrophages. A metabolic transi-
tion toward aerobic glycolysis reminiscent
of the Warburg effect occurs in LPS-
stimulated DCs (Krawczyk et al., 2010),
indicating that proinflammatory stimuli
can skew cellular metabolism toward
glycolysis.Using respirometry andmetab-
olomics techniques, Haschemi et al.
(2012) demonstrated that LPS-induced
M1 macrophages also displayed in-
creased glycolysis and decreased oxygen
consumption (oxygen consumption rate,
OCR). This contrasted sharply with
IL-4-polarized M2-like macrophages,
whose metabolic profile was similar to
unpolarized macrophages. Using asym-
metrically labeled 13C-1,2-glucose for
metabolic tracing experiments, Haschemi
et al. (2012) demonstrated that LPS
promoted the flow of glucose through15, June 6, 2012 ª2012 Elsevier Inc. 793
